A
close relationship exists between the development of cancer and inactivation of tumor-suppressor genes. Loss of gene function can occur as a result of allelic deletion, codingregion mutation, down-regulation of its transcription because of mutation in cis elements, or aberrant expression of transcription factors. Methylation of CpG islands in promoters of several tumor-suppressor genes such as Rb, p16͞INK4A, e-Cad, and p15 in different tumors is being recognized as one of the alternative and perhaps common mechanisms of silencing such genes (see ref. 1 for a review). There is substantial evidence that DNAmethylation patterns are altered in cancer. In general, cancer cells exhibit global hypomethylation and regional hypermethylation. In contrast to regional hypermethylation, which occurs in CpG-dense regions located in close proximity to the promoters of certain genes, loss of methylation in cancer cells occurs in regions with sparse distribution of CpG dinucleotides (1, 2) .
In the course of our investigation on altered methylation patterns in the rat liver tumors induced by folate deficiency, we found that the gene for protein tyrosine phosphatase receptortype O (PTPRO) is suppressed because of its methylation in the primary hepatomas (3) . PTPRO is a family of receptor-type PTPs that is expressed in Drosophila, mouse, rat, chicken, rabbit, and human (4) (5) (6) (7) (8) (9) (10) . There are six known mRNA variants of human PTPRO (3) . The full-length PTPRO (PTPRO-FL) cDNA encodes a receptor-type PTP with a single intracellular catalytic domain, a transmembrane region, and an extended extracellular domain containing eight repeats of fibronectin type III-like motifs. The PTPRO-FL transcript is expressed at a very high level in the kidney and brain. Its expression in other tissues has not been analyzed in detail (5, 10, 11) . The shorter variants of PTPRO [truncated PTPRO (PTPROt)] are predominantly expressed in B lymphocytes and macrophages and also at a low level in the brain and other tissues (5) .
Overexpression of PTPRO-FL is known to cause apoptosis of the monoblastoid leukemia cell line U937 after terminal differentiation induced by phorbol esters (12) . Similarly, overexpresssion of PTPROt in the human diffuse large B cell lymphoma cell line DHL4 can lead to cell-cycle arrest at the G 0 ͞G 1 phase (5). Our recent studies have shown that the PTPRO gene can be suppressed by methylation in primary and established rat liver tumors (3) . Here, we show that this gene is also methylated in primary human lung cancers and that the expression of PTPRO correlates inversely with methylation of its CpG island in these primary tumors. Aberrant methylation of PTPRO also is observed in a few lung cancer cell lines in which expression of PTPRO is suppressed. Additionally, we have demonstrated many other growth-suppressor characteristics of this receptortype PTP in human lung cancer.
Materials and Methods
Primary Human Tumors. The tumor samples were obtained from patients at James Cancer Hospital (Ohio State University). Complete pathologic classification is available for all tumor samples studied. All tissues used for this study were part of an institutional review board-approved protocol at the Ohio State University College of Medicine.
Cell Lines and Treatments. The four lung cancer cell lines used in this study (A549, H23, H1155, and H2086) were maintained and treated with deoxy-5-azacytidine (DAC) as described (13) .
Methylation-Specific PCR Analysis of the PTPRO CpG Island. Preparation of genomic DNA and treatment with sodium bisulfite were performed according to a protocol optimized in our laboratory (14) (15) (16) . The primers and conditions for methylationspecific PCR (MS-PCR) are provided in Supporting Materials and Methods, which is published as supporting information on the PNAS web site.
Combined Bisulfite Restriction Analysis and Bisulfite Genomic Sequencing. The PTPRO CpG island from Ϫ208 to ϩ236 bp with respect to the transcription start site was amplified from bisulfite-converted DNA by using nested primers devoid of CpG to avoid methylation͞nonmethylation bias. The purified PCR product was used for combined bisulfite restriction analysis (COBRA) and bisulfite sequencing (see Supporting Materials and Methods for details).
RT-PCR. Total RNA was isolated by using the guanidinium isothiocyanate-acid phenol method (17) . Reverse transcription of total RNA (3 g) was carried out with random hexamers and Moloney murine leukemia virus reverse transcriptase (Applied Biosystems) according to the Gene-Amp RNA PCR kit (PerkinElmer) instructions. Primers and conditions for qualitative and semiquantitative RT-PCR are provided in Supporting Materials and Methods. RT-PCR for 18S rRNA was performed on RNA samples subjected to cDNA synthesis in the absence of reverse transcriptase to eliminate the possibility of DNA contamination.
Construction of Flag-Tagged PTPRO Expression Vector. The WT and catalytic site mutant (CS) of the PTPU2L gene (identical to GLEPP1, i.e., lacking exon 17) cloned in pCR3 vector was used as a template to PCR-amplify PTPRO-FL by using the primers PTP-F-Kpn (5Ј-ATGGTACCGATGGGGCACCTGC-3Ј) and PTP-R-Bam (5Ј-CTGGATCCCTTGCTAACATTCTCG-3Ј) (restriction sites are underlined) to introduce KpnI and BamHI restriction sites at the 5Ј and 3Ј ends, respectively. The PCR product digested with these enzymes was ligated to the same sites of p3XFLAG-CMV-14 expression vector (Sigma). The recombinant plasmid was propagated in DH5␣ cells.
Generation of A549 Cell Line Stably Expressing PTPRO-FL. Plasmid DNA of p3XFLAG-CMV-14, p3XFLAG-PTPRO͞WT, and p3XFLAG-PTPRO͞CS was transfected into A549 cells by using FuGENE 6 reagent (Roche) according to the manufacturer's protocol. Forty-eight hours after transfection, the cells were split 1:3 and selected by using 1 mg͞ml G418 for 7 days. At the same time, nontransfected A549 cells were used as control for drug selection, and all cells died within 5-6 days.
Immunofluorescence. Immunostaining of the selected A549 cells was performed essentially as described (18) 
Results

Methylation of PTPRO CpG Island Occurs Widely in Human Primary
Lung Tumors. The human PTPRO gene harbors a 582-bp CpG island (61 CpGs, CG͞GC ratio of 0.7 and 71.6% GϩC) extending from the promoter (Ϫ168) into intron 1 (ϩ415). To determine whether methylation of the PTPRO gene was tumor-type-specific (as observed for hepatocellular carcinomas) or a more common phenomenon occurring in other types of tumors as well, we analyzed several primary lung tumors. We performed MS-PCR with bisulfitetreated DNA isolated from 43 primary human lung tumors and their matching normal adjacent tissues. Treatment with sodium bisulfite converts the cytosine residues in the genomic DNA to uracils, whereas the methylated cytosines remain unaltered. After the bisulfite treatment, primers specific to unmethylated and methylated DNA were used to amplify the respective DNA (MS-PCR). We used primers spanning CpG island in exon 1 of human PTPRO, because de novo DNA methylation in many human primary tumors initiates within exon 1 of tumor-suppressor genes and subsequently spreads to the promoter region (20) . Tumor-specific methylation was observed in Ϸ51.5% of lung cancer samples analyzed, whereas the adjacent lung tissues were essentially methylation-free ( Fig. 1A and Fig. 7 , which is published as supporting information on the PNAS web site). We also performed bisulfite genomic sequencing with a few primary lung tumors and their matching normal tissues to confirm methylation observed in the tumor and to study the methylation profile at individual CpGs within the CpG island. The methylation status of each CpG within the sequenced region for a representative set of lung tumor and its matching normal tissue is depicted in Fig. 1B . The data clearly reveal heavy methylation of CpGs in the tumors but a relatively methylation-free CpG island in the corresponding normal adjacent tissues.
Reduced Expression of PTPRO in the Primary Lung Tumors Correlates
with the Methylation Status of Its CpG Island. The two major isoforms of PTPRO, PTPRO-FL and PTPROt (3), are expressed from distinct promoters in a tissue-specific manner (21) . The CpG island spans the promoter that directs expression of PTPRO-FL and is Ϸ220 kbp upstream of the putative promoter for PTPROt (Fig. 8 , which is published as supporting information on the PNAS web site). Although there is no report of a CpG island directly regulating the expression of a gene from such a distance, methylation of the upstream CpG island could result in the formation of a repressed chromatin structure (22) spanning the entire gene, thus affecting the expression of PTPROt indirectly. Because PT-PRO-FL is the predominant isoform expressed in the lung (see below), the expression of this transcript was measured in some of these tumors by semiquantitative RT-PCR with 32 P-labeled primers to determine whether the methylation observed in some tumors correlated with repression of PTPRO. The results demonstrated down-regulation of the expression of PTPRO-FL in the primary lung tumors in which PTPRO was methylated compared with their adjacent matching tissues (Fig. 2 Upper, lanes 1-6). Downregulation of PTPRO observed in the last set (Fig. 2 , lanes 7 and 8) in which the tumor was devoid of methylation could be caused by transcriptional repression.
PTPRO Is Silenced by Methylation in Some Human Lung Cancer Cell Lines and Is Activated After Treatment with the Inhibitor of DNA
Methyltransferases, DAC. To confirm that methylation plays a role in suppressing PTPRO in human cancers, we extrapolated the study to lung cancer cell lines of different origins. These cell lines were tested for the expression of both PTPRO-FL and PTPROt isoforms. Analysis of the 22 cell lines of adenocarcinoma, mesothelioma, non-small cell lung cancer, and small cell lung cancer origin revealed variable levels of expression of the full-length isoform in most cells (Fig. 3A Top) . The expression of PTPROt, however, was observed only in one non-small cell lung cancer cell line and two small cell lung cancer cell lines (Fig. 3A  Middle) . PTPRO was significantly suppressed (Fig. 3A Top) in a few cell lines (e.g., H2086 and A549). To investigate whether methylation is responsible for PTPRO suppression, we treated a few representative lung cancer cell lines with the demethylating agent DAC (Fig. 3B) . The cell lines in which PTPRO was suppressed (A549 and H2086) showed significant induction after 72 h of DAC treatment. In another lung cancer cell line tested (H23), the relatively low level or negligible expression of PTPRO was brought to a significantly higher level after DAC treatment for 72 h (Fig. 3B Upper) , which suggests that DNA methylation is involved in suppression of PTPRO in these cell lines. To determine whether demethylation of the CpG island located in the upstream promoter is able to activate transcription of PTPROt, we performed RT-PCR analyses with isoform-specific primers on A549 control and DAC-treated cells. The results indicate that the expressions of both PTPRO-FL and PTPROt were induced after treatment of the cells with DAC (Fig. 3C) . To confirm the role of methylation in the regulation of PTPRO expression, we performed MS-PCR and COBRA with a representative cell line (A549). H1155 was used as a control in which PTPRO is expressed at a high level. This study showed that methylated DNA-specific primers are able to amplify only from bisulfite-converted DNA of A549 cells but not from H1155 (Fig.  3D Upper) . To confirm further the involvement of methylation in the suppression of PTPRO, we performed COBRA with the PCR product amplified from bisulfite-converted DNA by using nested primers specific for the PTPRO promoter. The PCR product was digested with TaqI, an enzyme with a restriction site that would be retained in the bisulfite-converted DNA if the genomic DNA was methylated. Here again we observed TaqIdigested products in A549 but not H1155 cells, indicating Fig. 2 . PTPRO expression in primary human lung tumors. Semiquantitative RT-PCR analysis with PTPRO-FL-specific primers was performed by using total RNA isolated from a few sets of primary lung tumors and their matching adjacent normal tissues used in the analysis for methylation of CpG island (Fig.  1A) . RNA loading for RT-PCR analysis was normalized to 18S rRNA. RNA loading was normalized to 18S rRNA. (C) Total RNA isolated from A549 control and DAC-treated cells were used to determine expression of PTPRO by using primers specific for PTPRO-FL and PTPROt. 18S rRNA was used as an internal loading control. (D) MS-PCR analysis and COBRA of PTPRO CpG island. MS-PCR and COBRA were performed (as described in Materials and Methods) for a representative cell line (A549) to demonstrate that methylation was responsible for suppression of PTPRO in these cells. The presence of a PCR product in the methylated (M) lane (MS-PCR) and of TaqI-digested products (COBRA) indicates a methylated CpG island. H1155 that expresses endogenous PTPRO was used as a control to demonstrate absence of methylation (U). (E) Bisulfite genomic sequencing of PTPRO CpG island in expressing (H1155) and nonexpressing (A549) cell lines. A major part of the CpG island (located between Ϫ156 and ϩ211 with respect to the transcription start site) was amplified from bisulfite-converted DNA by using nested primers devoid of CpG, and the product was directly sequenced by using the Thermo Sequenase radiolabeled terminator cycle sequencing kit (United States Biochemical). Arrows indicate positions of methylated CpGs in A549 cells, with numbers corresponding to the position of the CpG with respect to the transcription start site (ϩ1). methylation at that particular CpG site (ϩ154) of the PTPRO CpG island in A549 cells (Fig. 3D Lower) . The complete digestion of the PCR product with Tsp509I demonstrated that all non-CpG cytosines were converted to uracils after bisulfite treatment (Fig. 3D Lower) . To analyze further the methylation of individual CpGs within the CpG island, we performed bisulfite genomic sequencing of PTPRO in A549, again using H1155 as control (Fig. 3E) . Indeed, this analysis clearly showed that the PTPRO gene is methylated, because all cytosines in H1155 were converted to thymines, whereas considerable number of cytosines remained intact in A549 after bisulfite treatment (Fig. 3E, arrows) . These different analyses all point toward methylation of the CpG island of PTPRO and therefore strengthens the relationship between methylation and silencing of PTPRO.
Overexpression of PTPRO Inhibits Anchorage-Independent Growth of A549 Cells. To assess the growth-suppressor properties of PTPRO, we overexpressed Flag-tagged WT PTPRO-FL in A549 cells by using p3X-FLAG-CMV14 vector. As a control, we also overexpressed the CS of PTPRO-FL to demonstrate whether the phosphatase activity was critical for its tumorsuppressor function. This mutant was created by site-directed mutagenesis that replaced the invariable cysteine in the phosphatase domain with serine (Cys-1136 3 Ser) (12) . After selection with G418 for 7 days, the surviving cells were tested for PTPRO expression by using anti-Flag M2 antibody in an immunofluorescence assay. This assay showed that all the G418-selected cells could express PTPRO, and the levels of the WT and mutant were comparable. Localization of PTPRO to the cell membrane was demonstrated by using confocal imaging of immunostained cells (Fig. 4A) . RT-PCR analysis demonstrated that the expression of ectopic PTPRO in A549 cells is less than that of endogenous PTPRO in H1155 cells (Fig. 4B) . To study the antitransformation potential of PTPRO, we measured the colony formation potential of an equal number of the PTPROoverexpressing and vector-transfected A549 cells by using a soft-agar assay. Cells overexpressing the PTPRO͞WT demonstrated significant reduction in the size and number of colonies (Ϸ50%), whereas cells expressing the CS did not exhibit any effect compared to the vector control cells (Fig. 4C) . This observation suggests that the antitransformation potential of PTPRO depends on its phosphatase activity.
Overexpression of PTPRO Results in Reduced Proliferation and Delayed Reentry into the Cell Cycle After Release from Cell-Cycle Arrest.
To comprehend the function of PTPRO as a tumor suppressor, we examined the effects of ectopic PTPRO expression on cell proliferation. For this purpose, a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay that measures the metabolic rate of cells was used as an indirect assay of cell proliferation. Equal numbers of vector control and PTPROoverexpressing A549 cells were plated in 96-well plates, and growth was monitored by the MTT assay over a period of 6 days. A plot of the absorbance (indicative of the proliferation state of the cells) versus time demonstrated a significant (P Ͻ 0.04) decrease in metabolic activity of A549 cells expressing PTPRO͞WT when compared with the vector-transfected cells (Fig. 9 , which is published as supporting information on the PNAS web site). To study further the effect of ectopic PTPRO expression on cell-cycle control, we first synchronized the cells at different stages of the cell cycle (see Materials and Methods) and followed their reentry into the cell cycle after release from the block by using BrdUrd incorporation as an indicator of cell proliferation. The cells overexpressing PTPRO exhibited a significantly reduced number (30%) of cells positive for BrdUrd compared with the vector-transfected cells (Fig. 5) . This analysis suggests that PTPRO interferes with normal cell-cycle progression by retarding the reentry of cells into S phase.
A549 Cells That Overexpress PTPRO Exhibit Increased Susceptibility to
Apoptosis. Apoptosis is a distinct form of programmed cell death triggered by a network of interrelated signals that play major roles in pathological states including cancer. Aberrations in genes involved in the regulation of the cell cycle or the apoptotic machinery are pivotal to the development of malignancy. Because PTPRO slowed down the progress of cells into the cell cycle, we investigated whether its overexpression sensitizes the cells to apoptotic stimuli. To address this issue, the cells overexpressing PTPRO were treated with staurosporine, a model apoptosis inducer and inhibitor of protein kinase C. As early as 1 h after staurosporine exposure, we observed morphological changes such as membrane blebbing and nuclear disintegration indicative of apoptosis only in cells expressing the PTPRO͞WT, whereas the vector-transfected cells and those overexpressing mutant PTPRO did not show any signs of cell death. The same morphology was observed even after 2 h (Fig. 6A) . At this time point the cells were fixed and stained with Hoechst 33342, a DNA-staining fluorescent dye. The staining demonstrated increased DNA fragmentation in cells overexpressing PTPRO, whereas the vector control and mutant-overexpressing cells showed practically intact nuclei (Fig. 6B) . Because staurosporine is a potent apoptosis inducer, it probably would induce apoptosis in the control cells and those expressing mutant PTPRO, albeit at a later time. This study indicates that the cells expressing PTPRO are more prone to apoptosis. 
Discussion
PTPs play a critical role in counteracting the activity of tyrosine kinases, many of which are oncogenes. These unique proteins also are involved in a variety of signal transduction pathways that regulate cell proliferation, differentiation, metabolism, the cell cycle, contact inhibition, motility, gene transcription, the immune response, and survival (23) (24) (25) (26) (27) (28) . Defective or inappropriate operation of these networks leads to aberrant tyrosine phosphorylation, which could contribute to the development of many human diseases including cancer. Studies to date have suggested a potential growth-suppressor property of PTPRO, and the present study has provided substantial evidence indicating its role as a candidate tumor suppressor, particularly in human lung cancer. Here we have shown methylation-mediated silencing of the PTPRO gene in human lung cancers, a characteristic of many known tumor-suppressor genes. It also is methylated and silenced in human lung cancer cell lines of different origins. Overexpression of PTPRO in the lung cancer cell line A549 (in which PTPRO is inactivated because of promoter methylation) resulted in inhibition of anchorage-independent growth, alteration in cell-cycle progression, and increased susceptibility to apoptosis-inducing agents, all of which are hallmarks of a bona fide tumor suppressor. Additionally, the PTPRO gene is localized in the chromosomal region 12p12.3, which is characterized by loss of heterozygosity in different types of cancers (29) (30) (31) (32) (33) (34) , another established characteristic of many tumor-suppressor genes.
The PTPRO gene expresses two major transcripts. The larger transcript is expressed abundantly in the brain and kidney, whereas the smaller transcript is produced in the naive B cells, T cells, monocytes, and macrophages (5, 7, 11) . Highly sensitive RT-PCR with isoform-specific primers has shown that low-level (relative to brain and kidney) expression of this enzyme occurs widely in almost all tissues and cell lines (data not shown). The significance of this low-level expression in other tissues such as lung and liver, however, has not been explored. It is likely that the minimal expression of this phosphatase is required for controlling cell-cycle progression and͞or apoptosis. Nominal ectopic expression in A549 cells indeed supports this notion. Our study has shown also that the lung cancer cells express both isoforms of PTPRO, and both forms can be activated in a nonexpressing cell line (A549) after demethylation of the upstream CpG island with DAC.
The functional significance of PTPRO silencing merits some comments. Because PTPRO isoforms, specifically the PTPRO-FL variants, are involved in cellular differentiation processes, it is conceivable that this process involves dephosphorylation of a specific substrate(s). It therefore is logical to assume that this substrate in its phosphorylated state could function as a growth promoter. To test this possibility we expressed the recombinant PTPRO-FL in A549 cells (PTPRO- null cells) to a level comparable to that found in an expressing cell line (H1155). The clonogenic survival of transfected A549 cells was compromised significantly only in cells expressing the PTPRO͞WT but not the phosphatase domain mutant of PTPRO. These results suggest that dephosphorylation of one or more tyrosine-phosphorylated substrates involved in clonogenicity of A549 cells is critical for PTPRO function. Therefore, the identification of the endogenous substrate(s) for PTPRO is essential to elucidate the mechanism of PTPRO function and the impact of the suppression of this gene by promoter methylation. Western blot analysis with anti-phosphotyrosine antibodies has shown dephosphorylation of a specific polypeptide (Ϸ120 kDa) in cells expressing the catalytically active PTPRO (T.M. and S.T.J., unpublished data). Recently Pixley et al. (35) showed that paxillin, involved in cell motility, is one of the substrates for PTPROt in macrophages. It is likely that, depending on the cell type and the PTPRO isoforms, these substrates may be distinct. Our studies with human leukemia patients have indicated that PTPRO promoter methylation occurs widely in chronic lymphocytic leukemia (CLL) cells as well (T.M., unpublished data). Considering the tissue-specific expression of PTPROt in lymphoid cells and the possibility of the upstream CpG island regulating its expression, it would be of interest to determine its growth-regulatory properties and the significance of the methylation-mediated suppression of PTPRO in these cancer cells.
The extensive data provided in this study and data published earlier all point to the growth-control potential of PTPRO in human cancer. Admittedly, additional evidence is needed to prove unequivocally that PTPRO acts as a bona fide tumor suppressor. This issue can be addressed further by exploring potential suppression of growth of cells overexpressing PTPRO in nude mice and enhanced tumorigenesis in PTPRO-null mice. Nevertheless, this study has made a contribution by demonstrating suppression of an important tyrosine phosphatase gene in cancer caused by promoter methylation.
